Target of rapamycin complex 1 (TORC1) is a master regulator of metabolism in eukaryotes that integrates information from multiple upstream signaling pathways. In yeast, the Nitrogen permease regulators 2 and 3 (Npr2 and Npr3) mediate an essential response to amino-acid limitation upstream of TORC1. In mammals, the Npr2 ortholog, Nprl2, is a putative tumor suppressor gene that inhibits cell growth and enhances sensitivity to numerous anticancer drugs including cisplatin. However, the precise role of Nprl2 and Nprl3 in the regulation of metabolism in metazoans remains poorly defined. Here we demonstrate that the central importance of Nprl2 and Nprl3 in the response to amino-acid starvation has been conserved from single celled to multicellular animals. We find that in Drosophila Nprl2 and Nprl3 physically interact and are targeted to lysosomes and autolysosomes. Using oogenesis as a model system, we show that Nprl2 and Nprl3 inhibit TORC1 signaling in the female germline in response to amino-acid starvation. Moreover, the inhibition TORC1 by Nprl2/3 is critical to the preservation of female fertility during times of protein scarcity. In young egg chambers the failure to downregulate TORC1 in response to amino-acid limitation triggers apoptosis. Thus, our data suggest the presence of a metabolic checkpoint that initiates a cell death program when TORC1 activity remains inappropriately high during periods of amino-acid and/or nutrient scarcity in oogenesis. Finally, we demonstrate that Nprl2/3 work in concert with the TORC1 inhibitors Tsc1/2 to fine tune TORC1 activity during oogenesis and that Tsc1 is a critical downstream effector of Akt1 in the female germline.
In Drosophila, egg production is an energy intensive process that occurs continuously throughout the lifetime of the female. Thus, to ensure that energy reserves remain sufficient to support the viability of the female and her progeny during times of food scarcity, Drosophila oogenesis is highly sensitive to nutritional inputs. [1] [2] [3] The Drosophila ovary is comprised of approximately 15 ovarioles that contain strings of egg chambers in successively older stages of development. 4 Each egg chamber contains a 16-cell interconnected germline syncytium comprised of 15 polyploid nurse cells and a single oocyte. Each ovarian cyst is surrounded by a somatically derived monolayer of cells called follicle cells. At the tip of the ovariole lies the germarium that contains both germline and somatic stem cells, allowing for the continuous production of new egg chambers throughout the life of the female. In mid-oogenesis, egg chambers begin the energy intensive process of yolk uptake, known as vitellogenesis, which is followed by a short period of rapid growth in late oogenesis prior to the eggs being laid.
Faced with insufficient protein, the Drosophila ovary initiates a complex series of adaptive responses. 2, 3, [5] [6] [7] [8] Egg chambers in mid-oogenesis (stages [8] [9] , which have begun vitellogenesis, undergo apoptosis as do a fraction of early ovarian cysts before their packing by follicle cells in the germarium. 2 In contrast, young egg chambers (stages 2-7) remain intact, but sharply reduce their growth rates and rearrange their cytoskeletal network. 2, 5 After shutting down oogenesis during a period of starvation, these young dormant egg chambers can be used to rapidly restart egg production when nutrients are reintroduced. 2, 5 Thus, protecting young egg chambers from the ravages of starvation is important for maximizing fecundity in an environment with uneven food availability.
Recent evidence implicates the Target of Rapamycin Complex 1 (TORC1) in the regulation of growth and nutritional response during Drosophila oogenesis. 6, [9] [10] [11] TORC1 contains the nutrient sensitive kinase Target of Rapamycin (TOR) and regulates cell growth and metabolism in response to multiple inputs including amino-acid availability and intracellular energy status. [12] [13] [14] [15] [16] In the presence of sufficient nutrients and appropriate growth signals, the Ragulator and the Rag GTPases target TORC1 to lysosomal membranes where it comes in contact with its activator, the small GTPase Rheb.
components to ensure adequate nutrients to support cellular survival during times of nutrient stress. Thus, the ability to downregulate TORC1 activity in response to environmental conditions is critical to cell survival.
In both budding and fission yeast, Npr2 and Npr3 inhibit TORC1 activity in response to amino-acid scarcity. 21, 22 The downregulation of TORC1 by Npr2 and Npr3 is essential to the adaptive response that allows these single-cell eukaryotes to grow on a poor nitrogen source. Recent evidence indicates that Npr2 and Npr3, and their respective mammalian orthologs Nitrogen permease regulator like 2 (Nprl2) and Nitrogen permease regulator like 3 (Nprl3), function as GTPase-activating proteins (GAP) that inhibit TORC1 activity by inactivating the Rag GTPases. 23, 24 As is observed with other genes that inhibit TORC1 kinase activity, Npr2/Nprl2 is a putative tumor suppressor gene that is deleted in multiple cancers and cancer cell lines. 24, 25 Yet, while Nprl2/3 have been shown to downregulate TORC1 activity in response to amino-acid starvation in tissue culture cells, 24 the precise physiological requirement for Nprl2 and Nprl3 in the response to nutrient stress remains undefined in metazoans.
Here we demonstrate that in Drosophila Nprl2 and Nprl3 mediate an adaptive response to amino-acid scarcity that is essential to the maintenance of female fertility. We find that in nprl2 and nprl3 germline knockdowns, young egg chambers fail to adapt to amino-acid scarcity and undergo apoptosis. Feeding females the TORC1 inhibitor rapamycin prevents this apoptotic response. Thus, in Drosophila the failure to downregulate TORC1 activity during periods of nutrient stress triggers programmed cell death in early oogenesis. Finally, we demonstrate that the two TORC1 inhibitory complexes Nprl2/ 3 and Tsc1/2 both contribute to the regulation of TORC1 activity in the female germline.
Results
Nprl2 and Nprl3 physically interact and function as TORC1 inhibitors. Nprl2 and Nprl3 are predicted to form a heterodimer that functions in a trimeric complex with Iml1/ DEPDC5 to inhibit TORC1 activity in response to amino-acid stress. 21, 23, 24, 26 To confirm the association of Nprl2/CG9104 and Nprl3/CG8783 in Drosophila, we coexpressed the Nprl2-HA and Nprl3-V5 tagged proteins in S2 cells and found that Nprl2-HA specifically coimmunoprecipitated with Nprl3-V5 ( Figure 1a) . In order to examine the role of Nprl2/Nprl3 in the regulation of TORC1 activity, we depleted nprl2 and nprl3 transcripts in S2 cells using double-strand RNA (dsRNA) and then examined the phosphorylation status of the downstream TORC1 target 4E-BP. When nprl2 or nprl3 was knocked down under conditions of amino-acid depletion, 4E-BP phosphorylation remained inappropriately high relative to controls (Figure 1b) . Activation of the TORC1 pathway promotes cell growth and as a consequence increased cell size. 27 To define further the roles of Nprl2 and Nprl3 in the regulation of TORC1 activity, we examined S2 cell size using flow cytometry. To avoid bias introduced by alterations in the distribution of cells in each cycle phase, we focused our analysis on cells in G1. In line with their proposed roles in the regulation of TORC1 activity, we found that reducing nprl2 or nprl3 levels increases cell size during amino-acid limitation ( Figure 1c) . Thus, consistent with a previous report in mammalian cells, 24 our results demonstrate that Nprl2 and Nprl3 physically interact and are required to inhibit TORC1 activity during amino-acid limitation in Drosophila S2 cells.
Nprl2 and Nprl3 localize to lysosomes and autolysosomes. Recent evidence indicates that lysosomes, the approximate equivalent of the yeast vacuole, are the sites of TORC1 activation. 28 In mammalian cells DEPDC5, a component of the trimeric DEPDC5, Nprl2, Nprl3 complex localizes to lysosomes under conditions of nutrient stress. 24 Using live cell imaging of GFP-Nprl2 and Nprl3-mCherry expressed in the female germline, we determined that both Nprl2 and Nprl3 localized to the cytoplasm as well as a to small number of LysoTracker positive structures in the nurse cells and oocyte of fed females (Figures 2a-f) . LysoTracker marks acidic compartments and is used to highlight early endosomes/lysosomes and autolysosomes. When females were starved for amino acids, Nprl2 and Nprl3 localized to large puncta that were both LysoTracker and mCherry-Atg8a or GFP-LAMP1 positive. mCherry-Atg8a marks autophagosomes and autolysosomes, while GFP-LAMP1 marks lysosomes and autolysosomes. 29, 30 Taken together, these data strongly suggest that the Nprl2 and Nprl3 proteins localize primarily to autolysosomes under conditions of amino-acid starvation (Figures 2a'-i') . We also noted that Figure 1 Nprl2 and Nprl3 inhibit TORC1 activity in Drosophila. (a) S2 cells were co-transfected with HA-tagged Nprl2 and V5-tagged Nprl3 or lacZ (control) plasmids. Cells were lysed and immunoprecipitated using an anti-V5 antibody. Cell lysates (inputs) and immunoprecipitates (IP) were detected by western blot using anti-HA and anti-V5 antibodies. (b) S2 cells were treated with GFP, nprl2 or nprl3 dsRNA for 4 days and then cultured in Schneider's medium plus 10% FBS (AA þ ) or amino-acid-free Schneider's medium (AA-) for 60 min. The protein levels of p-4E-BP, total 4E-BP and a-Tubulin were determined by western blot. Similar western Blot results were observed in three independent experiments. (c) S2 cells were treated with GFP, nprl2 or nprl3 dsRNA for 4 days and then cultured in amino-acid-free Schneider's medium plus 10% FBS for 24 h. Cell size in G1 phase was normalized to GFP dsRNA control. Error bars represent S.D. values from three independent experiments. *Po0.05; **Po0.01 GFP-Nprl2, and to a lesser extent Nprl3-mCherry, were present in nurse cell and oocyte nuclei with the strongest nuclear staining observed under amino-acid starvation conditions (Figures 2a and d) . Finally, when coexpressed in the female germline GFP-Nprl2 and Nprl3-mCherry colocalize under both fed and starved conditions (Figures 2m-o and m'-o').
Nprl2 and Nprl3 mediate an adaptive response to aminoacid starvation in the female germline. In yeast, mutations in Npr2 or Npr3 result in a diminished ability to grow and survive when amino acids are limited. 21, 26, [31] [32] [33] To determine whether the basic requirement for Nprl2 and Nprl3 in mediating a response to amino-acid limitation is conserved in multicellular animals, we examined the role of Nprl2 and Nprl3 in the Drosophila ovary, a tissue known to exhibit a marked and rapid response to nutrient status. 1, 2 In order to knockdown nprl2 and nprl3 transcript levels, we constructed six transgenic lines that express short-hairpin RNAs (shRNA) that target the nprl2 and nprl3 transcripts (Supplementary Figure S1 ). These transgenic lines utilize the GAL4-upstream activating site (UAS) to control expression. 34 When expressed in the female germline using the MTD-GAL4 germline specific driver, we achieved a greater than 90% reduction of nprl2 and nprl3 transcript levels in the ovary for five of the six transgenic lines (Supplementary Figure S1) . When nprl2 RNAi and nprl3 RNAi were expressed in the germline of females that had been provided a protein source of wet yeast, the females were fertile with only a small reduction in egg production rates observed in the nprl3 RNAi line (Supplementary Figure S2) . Thus, knocking down nprl2 Note that Nprl2 and Nprl3 localize to autolysosomes (arrow; AL, autolysosome). In addition, Nprl2 and Nprl3 are found in nuclei (arrowhead; N, nuclei). The MTD-GAL4 driver was used to drive expression of GFP-Nprl2, mCherry-Atg8 and Nprl3-mCherry. GFP-LAMP1 was expressed with a tubulin promoter. Bar, 10 mm Nprl2/3 inhibit TORC1 in Drosophila Y Wei and MA Lilly and nprl3 transcript levels in the female germline had a minimal effect on oogenesis in females that had access to a protein source. We next examined whether there is a specific requirement for Nprl2 and Nprl3 under conditions of amino-acid scarcity. When females depleted for nprl2 or nprl3 were starved for amino acids, there was a marked increase in the number of degenerating young egg chambers compared with controls (Figures 3a-i) . Similar results were observed using three different RNAi targets against nprl2 and as well as two RNAi targets against nprl3 (Supplementary Table S1 ). We believe that the different rates of egg chamber death observed using different RNAi targets for nprl2 and nprl3 likely reflect small differences in the efficacy of the RNAi knockdowns. However, currently we can not rule out the possibility that nprl2 and nprl3 have slightly different roles in the response to amino-acid starvation and/or that the proteins have different stabilities. For all subsequent experiments, we used the nprl2 RNAi-1 and nprl3 RNAi-1 lines. Notably, in both nprl2 RNAi and nprl3 RNAi ovaries, the degenerating egg chambers contained condensed DNA and were cleaved Caspase 3 positive, indicating that they were undergoing apoptosis. 35 In protein starved nprl2 RNAi and nprl3 RNAi females, the percentage of apoptotic young egg chambers increased rapidly with starvation time (Figures 3j). In contrast, in control RNAi females, even after 9 days of protein starvation, only a very small percentage of young egg chambers undergo apoptosis (Figure 3j ). These data indicate that Nprl2 and Nprl3 mediate a protective response to amino-acid starvation that is critical to the survival of young egg chambers.
After marked slowing of oogenesis during a period of starvation, Drosophila females can rapidly restart egg production when nutrients are reintroduced. 2 We examined the restart of oogenesis, after a defined period of amino-acid starvation, in control RNAi, nprl2 RNAi and nprl3 RNAi females by monitoring the number of eggs laid after the reintroduction of a protein source (wet yeast). After 7 days of amino-acid starvation and the near shutdown of oogenesis, the number of eggs laid per control RNAi female rapidly increases after the reintroduction of a protein source (Figure 3k ). In contrast, in nprl2 RNAi and nprl3 RNAi females, the number of eggs laid per female remained low multiple Figure  S3) . Notably, nprl3 RNAi females fail to recover from a period of amino-acid starvation even 14 days after the reintroduction of protein (data not shown). Thus, in the absence of Nprl3, a brief period protein starvation results in a permanent reduction in fertility. Taken together our data indicate that Nprl2/3 function to preserve female fertility during periods of protein scarcity.
In contrast to young egg chambers, which are resistant to cell death during periods of nutrient limitation, mid-stage egg chambers are shunted into an apoptotic pathway and degenerate.
36 Surprisingly, in response to amino-acid starvation, we found that mid-stage egg chambers (stages 8 Figure S4) . In addition, as discussed below, the response of mid-stage egg chambers to the drug rapamycin, a specific inhibitor of TORC1, is indistinguishable from controls in both nprl2 and nprl3 depletions (Supplementary Figures S5a-c) . While these results are intriguing, it is important to note that a definitive determination of the role of Nprl2 and Nprl3 in response to nutrient stress in mid-stage egg chambers awaits the characterization of nprl2 and nprl3 null alleles. (Figures 4a-c) . Furthermore, rapamycin-treated nprl2 RNAi and nprl3 RNAi females recover from amino-acid starvation with kinetics similar to those observed in control RNAi females (Figure 4d ). Finally, rapamycin treatment did not trigger apoptosis in young egg chambers under fed conditions as has been reported for midstage egg chambers (Supplementary Figure S5d) . 8 These data indicate that the protective function of Nprl2/3 lies in its ability to downregulate TORC1 activity in response to aminoacid scarcity.
Nprl2 and Nprl3 inhibit apoptosis in young egg
Consistent with the importance of lowering TORC1 activity during periods of nutrient stress, we determined that knocking down the potent TORC1 inhibitor Tuberous sclerosis 1 (Tsc1) in the female germline also sensitized young egg chambers to amino-acid starvation (Figures 4e-g ). The Tsc1/2 complex serves as a GTPase-activating protein (GAP) for the small GTPase Rheb, which functions as a positive regulator of TORC1 activity. 37, 38 In Drosophila, mutations in Tsc1 and Tsc2 (gigas) increase the baseline levels of TORC1 activity. [39] [40] [41] [42] Thus, our data suggest that the increased baseline level TORC1 activity observed in the Tsc1 RNAi knockdowns results in increased sensitivity to nutrient stress. Taken together, our data support the model that Nprl2 and Nprl3 act to inhibit TORC1 activity in response to amino-acid deprivation in Drosophila and that restricting TORC1 activity in the female germline is critical to the maintenance of fertility during times of protein scarcity.
Tsc1 acts downstream of Akt1 in the female germline. In the course of our studies on the role of TORC1 inhibitors in oogenesis, we examined the role of the serine threonine kinase Akt1. Akt1 regulates multiple pathways including, but not limited to, cell size and glucose metabolism. 43 Many growth factors positively regulate TORC1 signaling through the Akt1-dependent phosphorylation and deactivation of Tsc2. 44, 45 However, recent data from Drosophila suggest that this relationship may not be relevant in vivo. 46, 47 We found that knocking down Akt1 in germline cells using RNAi resulted in a block to oogenesis, with females containing extremely small ovaries (Figure 5c ). The small size of the Akt1 RNAi ovaries is consistent with RNAi knockdowns of the core TORC1 component raptor as well as a previous description of Tor-mutant ovaries 6, 48 (Figure 5b) . Consistent with the Tsc1/2 complex being downstream of Akt1, coexpression of Akt1 RNAi and Tsc1 RNAi constructs strongly rescued the ovarian phenotype (Figure 5d ). These data indicate that Akt1 regulates growth and development in the female germline at least in part by inhibiting the inappropriate activation of the Tsc1/2 complex. However, we note that our data do not address whether Tsc1/2 components are direct targets of Akt1 phosphorylation. Notably, coexpression of the nprl2 RNAi or nprl3 RNAi constructs fails to rescue the Akt1 RNAi phenotype (Figures  5e and f) . Taken together our data strongly suggest that, as is observed in Schizosaccharomyces pombe, the Tsc1/2 and Nprl2/3 complexes both negatively regulate TORC1 activity, but respond to different upstream signaling pathways. 22 
Discussion
In yeast Npr2 and Npr3 are components of an upstream pathway that inhibits TORC1 in response to amino-acid scarcity and are essential when cells are grown on a poor nitrogen source. [21] [22] [23] Here we demonstrate that the Npr2 and Npr3 orthologs, Nprl2 and Nprl3, retain an essential role in response to amino-acid limitation in Drosophila. We show that Nprl2 and Nprl3 inhibit TORC1 signaling in the female germline in response to amino-acid starvation. Moreover, our data revealed that during early oogenesis the failure to downregulate TORC1 during periods of amino-acid stress triggers apoptosis. Thus, in the ovary Nprl2/3 exhibit an antiapoptotic function by preventing the inappropriate activation of TORC1 under conditions of amino-acid stress. Finally, we demonstrate that Nprl2/3 work in concert with the TORC1 inhibitors Tsc1/2 to fine tune TORC1 activity during oogenesis.
Deregulated TORC1 activation sensitizes young egg chambers to apoptosis. In wild-type females, amino-acid starvation triggers a near halt to growth and development in early-stage egg chambers. 2, 5 This inactive state can be maintained for long periods of time without these egg chambers degenerating. Protecting young egg chambers during periods of starvation helps females rapidly recover when a protein source becomes available. We have shown that when nprl2 or nprl3 is knocked down in the female Figure 5 The TORC1 inhibitor Tsc1 is downstream of Akt1 in the female germline. (a) nanos-GAL4; UAS-mCherry RNAi, (b) nanos-GAL4; UAS-raptor RNAi, (c) nanos-GAL4; UAS-Akt1 RNAi, (d) nanos-GAL4; UAS-Akt1 RNAi/UAS-Tsc1 RNAi, (e) nanos-GAL4; UAS-Akt1 RNAi/UAS-nprl2 RNAi and (f) nanos-GAL4; UAS-Akt1 RNAi/UASnprl3 RNAi flies were cultured on standard fly media with wet yeast 2 days before dissection. The germline-specific driver nanos-GAL4 was used to drive expression of the RNAi constructs. (a, d) Hundred percent of the ovaries examined contained mature (stage 13-14) egg chambers. (b, c, e, f) Zero percent of the ovaries examined contained egg chambers beyond stage 5: (a-f) N450 ovaries. Bar, 50 mm germline, young egg chambers undergo apoptosis at high rates in response to amino-acid limitation. The TORC1 inhibitor rapamycin rescued this apoptotic phenotype. From these experiments we conclude that in young egg chambers the protective function of Nprl2/3 lies in its ability to inhibit TORC1 activity ( Figure 6 ). Thus, in metazoans, which have evolved alternative pathways to regulate TORC1, the basic physiological requirement for Nprl2/Nprl3 in response to amino-acid starvation has been retained. This is the first in vivo demonstration of a metabolic requirement for Nprl2 and Nprl3 during amino-acid limitation in a metazoan.
In addition to Nprl2/3, we found that the Tsc1/2 complex is also required for the response to amino-acid stress during early oogenesis. The Tsc1/2 complex inhibits the small GTPase Rheb, which activates TORC1. 37, 38 As is observed in npl2 and nprl3 depletions, in Tsc1 germline depletions, young egg chambers undergo apoptosis in response to amino-acid starvation. In Drosophila, the insulin pathway controls ovarian cyst growth downstream of the Tor kinase. 3, 6 Moreover, it is well established in mammalian cells that insulin positively regulates TORC1 by activating the PI3K-Akt1 pathway, which inhibits Tsc2. 44, 45, 49 Here we report that Tsc1 is a critical downstream effector of Akt1 in the female germline. Taken together, these data suggest the model that insulin signaling regulates TORC1 in early egg chambers upstream of both Akt1 and Tsc1/2 during nutrient stress.
In summary, our data indicate that Nprl2/3 and the Tsc1/2 complex are both required to inhibit TORC1 activity in response to amino-acid scarcity ( Figure 6 ). Knocking out either the TORC1 inhibitory pathway renders young egg chambers sensitive to amino-acid starvation, because under conditions of cellular stress inappropriately high TORC1 activity triggers apoptosis (Figures 6c and d) . A similar phenomenon has been documented in mammals where an increase in TORC1 activity observed in Tsc1 À / À and Tsc2 À / À mutants sensitizes cells to apoptosis in response to multiple cellular stresses including energy status and DNA damage. 27, 50, 51 We predict that in many tissues these two independent TORC1 inhibitory pathways, Tsc1/2 and Nprl2/3, will work in concert to fine tune TORC1 activity in response to various developmental and environmental inputs.
Tsc1 is a critical downstream effector of Akt in the female germline. Akt1 integrates inputs from multiple upstream signaling pathways and positively influences cell size and anabolic metabolism. We found that knocking down Akt1 in the female germline resulted in a severe block to oogenesis (Figure 5c) . Notably, the coexpression of Akt1 RNAi and Tsc1 RNAi constructs rescued the Akt1 RNAi ovarian phenotype (Figure 5d ). These data strongly suggest that Akt1 regulates growth and development in the female germline at least in part by inhibiting the activation of the Tsc1/2 complex. However, we note that our data do not address whether the Tsc1 or Tsc2 proteins are direct targets for Akt1 phosphorylation. Indeed, previous work found that in Drosophila deleting the Akt1 phosphorylation consensus sites on Tsc2 and Tsc1 had no physiological consequences when examined in vivo. 46, 47 Thus, our data suggest that either Akt1 phosphorylates and inhibits Tsc1 and/or Tsc2 at a previously unrecognized site, or, alternatively, in the female germline the inhibition of the Tsc1/2 complex by Akt1 is indirect. Further experiments will be required to distinguish between these two models. We also examined whether Nprl2 and Nprl3 function as critical downstream targets of Akt1. Figure 6 The TORC1 inhibitors Nprl2/3 and Tsc1/2 prevent apoptosis during amino-acid starvation in young egg chambers. (a) In the presence of amino acids, the TORC1 inhibitors Nprl2/3 are inactive while the insulin pathway inhibits the activity of Tsc1/2. Thus, TORC1 activity is high driving anabolic metabolism and growth. (b) In the absence of amino acids, Nprl2/3 functions to inhibit TORC1 activity. Amino-acid starvation also results in reduced insulin signaling, leading to activation of the Tsc1/2 complex due to the reduced activity of its inhibitor Akt1. Together Nprl2/3 and Tsc1/2 sufficiently inhibit TORC1 activity to induce an essential stress response (c) In nprl2 or nprl3 knockdowns, cells fail to adequately downregulate TORC1 activity in response to amino-acid starvation triggering apoptosis. (d) In Tsc1 knockdowns, TORC1 activity also remains inappropriately high during amino-acid starvation triggering apoptosis 30 was kindly provided by Helmut Kramer (UT Southwestern). Nanos-Gal4 (P{NANOS GAL4 VP-16}, yw; D/TM3, Ser, Sb) 54 was kindly provided by Sharon Bickel (Dartmouth College). The generation of the UAS-Tsc1 RNAi, UAS-mCherry RNAi and UAS-Raptor RNAi lines are described in Ni et al.
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All fly stocks were maintained on JAZZ-mix Drosophila food (Fisher Scientific, Waltham, MA, USA) at 25 1C. For amino-acid starvation, flies were cultured on media consisting of phosphate-buffered saline (PBS), 20% sucrose and 0.8% agarose. Rapamycin treatment was preformed as previously reported. 55 In brief, rapamycin (LC Laboratories, Woburn, MA, USA) was added to food for a final concentration of 200 mM. To measure egg production, four pairs of male and female flies were cultured on grape juice media (Genesee Scientific, San Diego, CA, USA) together with wet yeast. The number of eggs laid was counted every 24 h.
Plasmids and dsRNA. The nprl2 and nprl3 coding regions were amplified using specific primers (Supplementary Table S2 ) and then inserted into a pENTR-1A vector (Invitrogen, Carlsbad, CA, USA). The pENTR-Nprl2 plasmid was recombined into pAHW (DGRC) and pPGW vectors (DGRC) to generate Act-HANpr2 and UASp-GFP-Nprl2 plasmids using Gateway LR Clonase II Enzyme (Invitrogen). The pENTR-Nprl3 plasmid was inserted with mCherry coding region at the C terminal of Nprl3 and then recombined into a pPW vector (DGRC) to generate UASp-Nprl3-mCherry. The nprl3 coding region was amplified and inserted into a pAC5.1-His-V5 vector (Invitrogen) to construct the Act-Nprl3-His-V5 plasmid.
To generate double-stranded RNA, DNA templates were PCR amplified to include a 5 0 T7 RNA polymerase binding site. PCR products were purified and used as templates to produce dsRNA using the MEGAscript RNAi kit (Ambion, Austin, TX, USA). Primer sequences used to generate nprl2, nprl3 and Tsc1 DNA templates for synthesizing double-strand RNA (dsRNA) are listed in Supplementary Table S3 .
Generation of transgenic lines. The UASp-GFP-Nprl2 and UASp-Nprl3-mCherry plasmids were used to generate transgenic lines (Best Gene Inc., Chino Hills, CA, USA).
Short hairpin RNA sequences targeting the nprl2 or nprl3 transcripts (Supplementary Table S4 Cell culture. Drosophila S2 cells were cultured at 26 1C in Schneider's medium (Invitrogen) supplemented with 10% fetal bovine serum (FBS, Invitrogen), 50 U/ml penicillin and 50 mg/ml streptomycin. For amino-acid starvation, cells were cultured in amino-acid-free Schneider's medium (US Biological, Swampscott, MA, USA). RNA interference in S2 cells was performed as described previously.
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S2 cell size analysis was determined as described in Cully and Downward. 57 In brief, S2 cells were fixed and stained with propidium iodide, and then were detected using a flow cytometry (FACSCalibur, BD Bioscience, San Jose, CA, USA). The mean value of forward light scatter (FSC) in the gated G1 phase was used to determine cell size.
S2 cell transfection, immunopreciptation (IP) and western blot analysis. For transfection, S2 cells grown in six-well plates were transfected with 0.4 mg plasmids using Effectene Transfection Reagent (Qiagen, Hilden, Germany). Three days later, the S2 cells were lysed using 1 ml IP buffer (1% NP40, PBS) containing complete protease inhibitors (Roche, Mannheim, Germany). Cell lysates were centrifuged and the supernatants were collected. For IPs, the protein extracts were incubated with 3 mg anti-V5 antibody (Invitrogen), 30 ml protein G agarose (Millipore, Billerica, MA, USA) and 10 ml protein A agarose (Roche) overnight at 4 1C. The agarose beads were collected and washed six times with IP buffer, and then detected by western blot.
Antibodies were used at the following concentrations for western blot: mouse anti-a-tubulin at 1 : 50 000 (Jackson ImmunoResearch, West Grove, PA, USA), mouse anti-V5 antibody at 1 : 4000 (Invitrogen), rabbit anti-P-4E-BP at 1 : 1000 (Cell Signaling Technology, Danvers, MA, USA), rat anti-HA antibody at 1 : 1000 (Roche) and rat anti-4E-BP at 1 : 3000. 58 Immunofluorescence and live cell imaging. Immunofluorescence was performed as described in Hong et al., 59 using a rabbit anti-cleaved Caspase 3 (1 : 200, Cell Signaling Technology) antibody. Secondary antibody was anti-rabbitconjugated to Alexa Fluor 594 (Invitrogen) and used at 1 : 1000. Nuclei were visualized by staining the DNA with DAPI (Invitrogen). Dead egg chambers were indentified by condensed DNA staining (pyknotic nuclei). Images were acquired using an Olympus FV1000 confocal microscope (Olympus, Tokyo, Japan).
Live cells images were obtained from freshly dissected ovaries. For LysoTracker staining, tissues were incubated with LysoTracker (1 : 5000, Invitrogen) and Hoechst (1 : 10000, Invitrogen) for 5 min, and then washed and mounted. Ovaries from fed females were dissected, washed and mounted in Schneider's medium, while the Ovaries from starved females were dissected, washed and mounted in PBS. Images were acquired using an Olympus FV1000 confocal microscope.
